In higher plants, many mitochondrial genes contain group II-type introns that are removed from RNAs by splicing to produce mature transcripts that are then translated into functional proteins. However, the factors involved in the splicing of mitochondrial introns and their biological functions are not well understood in maize. Here, we isolated an empty pericarp 10 (emp10) mutant and identified the underlying gene by mapbased cloning. Emp10 encodes a P-type mitochondria-targeted pentatricopeptide repeat (PPR) protein with 10 PPR motifs. Loss of Emp10 function results in splicing defect of the first intron of nad2, a gene encoding subunit 2 of NADH dehydrogenase (also called complex I). The emp10 mutant has undetectable activity of complex I and has arrested development of embryo and endosperm, and thus defective seeds with empty pericarp. Additionally, the basal endosperm transfer layer cells were severely affected, indicating the deficiency of cell wall ingrowths in the emp10 kernels. Moreover, the alternative respiratory pathway involving alternative oxidase was significantly induced in the emp10 mutant. These results suggest that EMP10 is specifically required for the cis-splicing of mitochondrial nad2 intron 1, embryogenesis and endosperm development in maize.
INTRODUCTION
Mitochondria, which are the energy-converting organelles of eukaryotic cells, carry their own genetic materials that are postulated to be derived from a-proteobacteria ancestors by endosymbiosis (Gray, 1999) . During the evolution of the host, most genes in the mitochondrial genome were lost or transferred to the nucleus (Timmis et al., 2004) . The remaining genes are often transcribed into polycistronic transcripts that are processed to generate monocistronic mRNAs and then are matured through a complex series of post-transcriptional processing steps, including intron splicing, RNA editing, cleavage and maturation Hammani and Giege, 2014) .
In general, introns have been categorized into two families: group I and group II based on their structural features and the splicing mechanisms (Bonen, 2008) . The group I intron is a stretch of long nucleotide sequence that can form nine paired regions and has an ability to catalyze its own excision from precursors of mRNA, tRNA and rRNA by two sequential ester-transfer reactions in the presence of the exogenous guanosine (Nielsen and Johansen, 2009 ). The group II intron is a large autocatalytic RNA found in rRNA, tRNA, mRNA of organellar genomes of fungi, plants, protists, as well as mRNA in some bacterial genomes (Fedorova and Zingler, 2007) . The typical group II intron is characterized by six double-helical domains (DI-DVI) arising from a central hub, catalytic centre is formed by domains I (dI) and dV (Bonen and Vogel, 2001) . Most introns in the plant organellar genome belong to group II (Bonen, 2008) . Group II intron excision occurs in the absence of GTP and involves the formation of a lariat, with a branchpoint strongly resembling that found in lariats formed during splicing of nuclear pre-mRNA (Lambowitz and Zimmerly, 2004) . Although the resemblance to premRNA splicing is strong, group II introns are not true catalysts as the entire intron is degraded once self-splicing has occurred (Bonen, 2008) . In the maize mitochondrial genome, 22 introns, including four in each of NADH dehydrogenase subunit1 (nad1), nad2, nad5 and nad7, three in nad4, and one in each of cytochrome c oxidase subunit2 (cox2), cytochrome c maturation subunit F C-terminus (ccmFc), and ribosomal protein small subunit3 (rps3), have been identified as group II introns. The splicing of group II introns in plant organelle is mechanistically identical to that of the nuclear spliceosomal introns, and requires a set of nuclear-encoded factors, such as nuclear-encoding maturases including nMat1 (Keren et al., 2012) , nMat2 (Keren et al., 2009 ) and nMat4 (Cohen et al., 2014) , CRM (Chloroplast RNA splicing and ribosome maturation)-containing protein (Zmudjak et al., 2013) , putative Mitochondrial Helicase (Matthes et al., 2007; Kohler et al., 2010) , mitochondrial transcription termination factors (mTERF) (Hammani and Barkan, 2014; Hsu et al., 2014) , Plant Orangellar RNA Recognition (PORR) domain-containing protein (FrancsSmall et al., 2012) etc. In addition to the above-mentioned RNA-binding proteins, splicing of organelle introns in higher plants requires a large family of sequence-specific proteins: Pentatricopeptide repeat (PPR) proteins (Barkan and Small, 2014) .
The PPR family is characterized by tandem repeats of a degenerate 35-amino-acid that is related to the tetratricopeptide repeat motif (Small and Peeters, 2000) and is composed of more than 400 members in land plants (Barkan and Small, 2014) . Based on the phylogenetic distribution, the number of PPR repeat and sequence, these PPR proteins can be divided into P-type and PLS-type subfamilies (Lurin et al., 2004) . The P-type PPR subfamily contains the canonical tandem repeats of the 35-amino-acid PPR motif without any other conserved domains, while the PLS-type PPR subfamily contains P-and L-(longer) or S-(shorter) PPR motifs. The PPR proteins have been identified as specific nuclear factors for organelle introns splicing (Barkan and Small, 2014) . In Arabidopsis, several P-type PPR proteins are characterized to be involved in the splicing of organelle introns, such as Organelle Transcript Processing43 (OTP43) for nad1 intron 1 (de Longevialle et al., 2007) , ABSCISIC ACID OVERLY SENSITIVE5 (ABO5) for nad2 intron 3 (Liu et al., 2010) , Buthionine SulfomixineInsensitive Roots6 (BIR6) for nad7 intron 1 (Koprivova et al., 2010) , and SLOW GROWTH3 (SLO3) for nad7 intron 2 (Hsieh et al., 2015) . Recently, two PPR proteins, EMP16 and DEK35, were found to be required for splicing of nad2 intron 4 (Xiu et al., 2016) and nad4 intron 1 (Chen et al., 2016) in maize, respectively. In addition to P-type proteins, a PLS-DYW member, PpPPR43, is reported to be involved in the splicing of cox1 intron 3 (Ichinose et al., 2012) . These results indicated that a given PPR member might function in the splicing of a specific mitochondrial intron.
In maize, there are hundreds of PPR proteins (Fujii and Small, 2011) . Several known PPR proteins are mainly involved in the post-transcriptional processing of mitochondrial RNAs, and the functional loss of these PPR proteins often leads to empty pericarp (emp) kernel (Guti errez-Marcos et al., 2007; Liu et al., 2013; Sun et al., 2015; Xiu et al., 2016) . However, the fundamental molecular functions of the majority of PPR proteins are still unknown. In this study, we isolated an emp mutant (emp10) with a defective allele in a gene encoding a mitochondria-targeted P-type PPR protein. The loss of Emp10 function resulted in the splicing defect of mitochondrial nad2 intron 1, an undetectable complex I assembly and activity, the induction of expression of alternative oxidase (AOX) genes, and the severely defective embryo and endosperm.
RESULTS

Phenotypic and genetic characterization of emp10
The emp10 was isolated from a UniformMu collection stock (UFMU-06447) in the W22 genetic background. At maturity, the emp10 seeds exhibit empty pericarp (Figure 1a) and are unviable. However, the wild-type kernels from the same segregating ear can germinate and grow into mature plants, which can bear ears either with all wild-type kernels or with both wild-type and empty pericarp kernels. We observed a ratio of 215 non-segregating ears: 437 segregating ears, which matched the 1:2 segregation ratio (v 2 test, P > 0.95). Moreover, kernels collected from the segregating ears showed a ratio of 1494 emp: 4614 wild-type, which matched the 1:3 segregation ratio well (v 2 test, P > 0.95). These results indicated that the emp kernel phenotype resulted from a monogenic recessive variation. The emp10 kernels showed aborted development of the embryo and endosperm, and could be recognized as early as 8 days after pollination (8-DAP) by a pale, translucent, and collapsed phenotype ( Figure 1b) . Compared with the wild-type (WT), the size of emp10 kernels at 15-and 30-DAP was obviously reduced (Figure 1c, d) , and emp10 seeds were lethal and could not germinate. Therefore, the emp10 allele can only be transmitted through the heterozygote. By crossing emp10/+ to inbred lines B73, HZ4 and Mo17, respectively, we found that the seeds in F 2 generation of the segregating ears also displayed a ratio of 3 WT:1 emp in these three genetic backgrounds ( Figure S1 ). These results suggest that the empty pericarp phenotype of the emp10 genotype can appear in different genetic backgrounds.
To examine the developmental arrest of the embryo and endosperm in emp10 kernels, we observed the developmental profile of emp10 and WT kernels from the same segregating ear by light microscopy. At 8-DAP, the emp10 kernels were easily identified by their small size and pale pericarp (Figure 1b) . At this time, WT embryos were well developed into the coleoptilar stage (Figure 2a ), while the emp10 embryos appeared to be blocked in the proembryo stage (Figure 2d ). At 10-DAP, WT embryos had obvious scutellum (Figure 2b ), whereas the emp10 embryos remained in the proembryo stage (Figure 2e ). At 12-DAP, WT embryos had established coleoptiles, shoot apical meristems and vascular tissues (Figure 2c ), whereas the emp10 embryos were still blocked in the proembryo stage without visible scutellums, shoot apical meristems and root meristems (Figure 2f) , showing severe arrest of embryogenesis. Simultaneously, we observed the central starchy endosperm cells at 8-DAP by scanning electron microscopy ( Figure S2 ), and found that the central cells were irregular and filled with few small starch granules in the emp10 ( Figure S2b ,d) but were packed with large starch granules in WT kernels ( Figure S2a,c) , which indicated that empty cells without sufficient starch enrichment contributed to the empty pericarp phenotype. To examine the impact of emp10 on the basal endosperm transfer layer (BETL), we observed the BETL cells and found that WT kernels at 12-DAP showed BETL cell layers with extensive cell wall ingrowths (Figure 2g ), whereas BETL cells in the emp10 kernels were small and lacked cell wall ingrowths (Figure 2h ). These results suggest that the loss of Emp10 function leads to a poorly developed BETL that may interrupt the transfer of carbohydrates from maternal tissue into endosperm cells.
Positional cloning of Emp10
To isolate the genes underlying emp10 in the progenies derived from UFMU-06447, we first examined co-segregation between the Mu insertion site and the emp phenotype.
Unfortunately, we failed to establish the linkage between the Mu insertion site and emp10 by Mu-TAIL (thermal asymmetric interlaced PCR) and Digestion-Ligation-Amplification. Subsequently, a map-based cloning strategy was used to isolate emp10. Because homozygous emp10 was unviable, we crossed an emp10/+ genotype to B73. Half of the total F 1 plants were the emp10/+ genotype that could be selfed to generate a segregating F 2 mapping population. All of the ears with emp kernel segregation were collected for fine mapping of emp10. Using 6912 individuals, we mapped emp10 into a 64.5-Kb physical interval flanked by markers HP-12 and HR-54. In the B73 reference genome (RefGen V3), this interval encodes six genes, including five transcribed and one hypothetical protein-coding gene (Figure 3a) . We sequenced all of these six genes in emp10 and WT in W22 background and found a 431-bp insertion/deletion (InDel) encompassing 5ʹ-UTR and exon 1 of GRMZM2G078416 (GM16) (Figure 3b ) and Figure S3 ). The GM16 transcript was nearly undetectable in the immature embryo and endosperm of emp10, which was identified by genotyping the immature kernel using the In/Del-derived marker (Figure 3c) . We found that the In/Del co-segregated with the kernel phenotype, showing that the 431-bp deletion leads to the non-functional emp10 allele. The results indicated that GM16 is the possible causal gene for emp10. Emp10 is composed of two introns and three exons ( Figure 3b ) and can transcribe a 1869-bp FLcDNA that translates to a P-type PPR protein with 623 amino acids forming 10 PPR motifs (TPRpred http://tprpred.tuebingen.mpg.de/tprpred; Figure 3d, e) . In the emp10 mutant, the 431-bp deletion covered a part of promoter, the complete 5 0 -UTR and exon 1 and a part of exon 2, resulting in a loss of 50 amino acids and the mitochondrial-targeting signal in the N-terminal of EMP10 ( Figure S3 ). Furthermore, we constructed a phylogenetic tree based on the maize EMP10 full-length protein sequence and homologous proteins from grass. The results showed that EMP10 is highly homologous with Sobic.001g092300 in sorghum ( Figure S4 ) not only in the gene structure but also in the amino acid sequence.
Expression and localization of Emp10
Spatiotemporal expression analysis showed that Emp10 was expressed in all of the tissues tested ( Figure 4a ) and was highly accumulated in ears, internodes, adult leaves and tassels but was lowly accumulated in roots, juvenile leaves and anthers. During kernel development, Emp10 was expressed at a higher level. The results suggested that EMP10 may function in many aspects of plant growth and development, particularly in seed development. To investigate the cellular localization of EMP10 protein, we generated a construct, p35S::EMP10-GFP, which contained the full-length EMP10 coding sequence fused to the N-terminus of GFP. This construct was then transfected into the maize protoplasts. Observation by confocal laser scanning microscopy showed that the free GFP signal produced from p35S::GFP was distributed widely in the cytoplasm (Figure 4b ) while the GFP fluorescence of p35S::EMP10-GFP co-localized with Mito-Tracker Red-labeled mitochondria (Figure 4c ), but did not co-localize with chloroplast auto-fluorescence, indicating that EMP10 targets the mitochondria.
EMP10 functions in mitochondrial RNA processing
To uncover EMP10 function in mitochondrial RNA processing, we examined the RNA editing, splicing, and abundance of mitochondrial transcripts in the emp10 mutant. We did not find any significant difference in RNA editing between emp10 and WT. However, we found that the nad2 transcript (g, h) Developmental comparisons of the BETL in the wild-type (g) and emp10 mutant (h) at 12-DAP. col, coleoptile; En, endosperm; Em, embryo; sam, shoot apical meristem; sc, scutellum; su, suspensor; ram, root apical meristem; tc, transfer cell. Scale bar = 1 mm (a-f), scale bar = 100 lm (g, h).
[Colour figure can be viewed at wileyonlinelibrary. com].
was larger in emp10 than that in WT. Furthermore, sequence analysis revealed that introns 2, 3 and 4 were spliced successfully, but intron 1 remained in nad2 transcripts in emp10, creating a premature stop codon. Furthermore, we examined the ratio of spliced to unspliced transcripts for each of mitochondrial intron in emp10 and WT using quantitative RT-PCR (qRT-PCR). Of the 22 introns examined, splicing efficiency of the nad2 intron 1 was dramatically lower in emp10 compared with that in WT (Figure 5a ), but splicing efficiencies of the other introns were not significantly different between emp10 and WT (Figure 5a ). These results indicated that the loss of Emp10 function specifically impairs the cis-splicing of the nad2 intron 1. We also analyzed the expression abundance of all other mitochondrial genes, including 35 protein-coding, 25 tRNA and 3 rRNA encoding genes, in emp10 and WT using qRT-PCR. Intriguingly, expression levels of most genes were obviously higher in emp10 than that in WT, while expression of nad2 in emp10 was about four-fold lower than that in WT (Figure 5b ).
The Emp10 mutation affects the assembly and activity of holo-complex I
We employed blue native polyacrylamide gel electrophoresis (BN-PAGE) and in-gel NADH dehydrogenase activity staining to assay the assembly and activity of complex I. Both BN-PAGE and NADH dehydrogenase activity staining failed to detect any trace of complex I activity in emp10 (Figure 6a ), which suggests that the defect of nad2 intron 1 splicing influenced the assembly and activity of complex I. Furthermore, we determined the steady-state level of some subunits by western blotting. Surprisingly, a minor difference between WT and emp10 was revealed using an antibody against Nad9, a subunit of complex I. Similarly, differences in complex V subunits between emp10 and WT were insignificant by detection using antibodies against the a-subunit of ATPase, whereas the accumulation of complexes III and IV subunits (Cyt c1 and Cox2) were higher in emp10 mitochondria than that in WT (Figure 6b ). To determine the impact of emp10 on the mitochondrial structure, we examined the endosperm cells with transmission electron microscopy. The seeds of emp10 and WT were harvested from a segregating ear to ensure uniform growing condition. At 10-DAP, WT mitochondria had densely inner membranes (Figure 7a ), while emp10 mitochondria showed a poorly developed membrane system with large internal spaces and dissociated cristae structures (Figure 7b ). These results suggested that Emp10 function is required for mitochondrial biogenesis at an early stage of kernel development. 
Accumulation of alternative respiratory pathway transcripts
It is well known that mitochondrial dysfunctions are often associated with oxidative stress, leading to the accumulation of alternative oxidase (AOX) (Vanlerberghe, 2013) . To check the alternative respiratory pathway in emp10, we examined the expression levels of AOX genes, including AOX1 (AY059646.1), AOX2 (AY059647.1) and AOX3 (AY059648.1) using RT-PCR and qRT-PCR. We found that the expression levels of AOX2 and AOX3 were significantly higher in emp10 than that in WT (Figure 7c,d) . In particular, the transcription level of AOX2 was hundreds of fold higher in emp10 than that in WT, while AOX1 was increased slightly in emp10 relative to that in WT. The expression levels of AOXs were confirmed by western blotting as well (Figure 6b ). These results indicated that the loss of Emp10 function results in the abolition of complex I assembly and induces the alternative respiratory pathway by increasing AOX expression in the emp10 mutant.
DISCUSSION
A 431-bp deletion results in the functional loss of EMP10
In maize, seven emp genes have been characterized by genetic analysis of Mutator-mediated mutants. Among these genes, one (Emp2) encodes a negative regulator of the heat-shock response in seeds (Fu et al., 2002) , and another (Emp6) encodes a putative plant mitochondria-targeting RNA recognition (PORR) protein (Chettoor et al., 2015) ; five genes, including emp4 (Guti errez-Marcos et al., 2007), emp5 (Liu et al., 2013) , mppr6 (Manavski et al., 2012) , emp7 (Sun et al., 2015) and emp16 (Xiu et al., 2016) , encode PPR family proteins and are involved in many aspects of mitochondrial RNA processing. For example, EMP4 is involved in the regulation of mitochondrial gene expression in endosperm (Guti errez-Marcos et al., 2007) . Both EMP5 and EMP7 are involved in the C-to-U editing of mitochondrial rpl16-458 and ccmFN-1553, respectively (Liu et al., 2013; Sun et al., 2015) . MPPR6 is required for the maturation and translation initiation of rps3 mRNA (Manavski et al., 2012) , and EMP16 is specifically involved in nad2 intron 4 splicing (Xiu et al., 2016) . The empty pericarp phenotype in the five mutants resulted from functional loss due to the mutator (Mu) insertion in the coding regions of these genes. In this study, we found that the empty pericarp phenotype of emp10 was produced from a 431-bp deletion rather than from a Mu insertion into the PPR protein-encoding gene Emp10, although the emp10 mutant was recovered from the progeny of a UniformMu line. Actually, mutator-induced deletion has been reported as early as 1985 in maize (Taylor and Walbot, 1985) . Deletions adjacent to the initial Mu insertion site are thought to have resulted from aborted transposition events or illegitimate recombination between the transposon and gene (Levy and Walbot, 1991; Das and Martienssen, 1995; Dietrich et al., 2002) . Among these mutator-induced deletions, the original insertion was retained partially or was removed completely (Dietrich et al., 2002) . In the emp10 mutant, we found no retained transposable element sequence flanking the deletion site. Therefore, it is unclear how the deletion EMP10 is required for the cis-splicing of nad2-inron 1 and affects complex I assembly and activity NAD2 is one of the nine complex I proteins encoded by the mitochondria genome (Brandt, 2006) . Although there are alternative NAD(P)H dehydrogenase and alternative oxidases for electron transport, the partial or complete loss of complex I activity results in severe abnormal phenotypes, such as male sterility, retarded growth, and embryonic lethality (Brangeon et al., 2000; Komori et al., 2004; Hsieh et al., 2015; Xiu et al., 2016) . In Arabidopsis, several PPR mutants involved in the splicing of nad mRNAs have been reported (de Longevialle et al., 2007; Koprivova et al., 2010; Liu et al., 2010; Hsieh et al., 2015; Haili et al., 2016) . The splicing defect of certain nad mRNAs results in partial or complete loss of complex I activity and an obvious disturbance of growth and development. In maize, the characterized PPR proteins involved in RNA splicing are mostly reported to target plastids (Schmitz-Linneweber et al., 2006; Beick et al., 2008; Williams-Carrier et al., 2008; Khrouchtchova et al., 2012) . Recently, a mitochondrial Ptype PPR protein, EMP16, is found to be required for the cis-splicing of nad2 intron 4 (Xiu et al., 2016) . Additionally, DEK2 and DEK35 have been reported to be involved in the splicing of nad1 intron 1 and nad4 intron 1, respectively (Chen et al., 2016; Qi et al., 2016) . In this study, we found that Emp10 encodes a P-type PPR protein as well and was specifically required for the cis-splicing of nad2 intron 1 (Figure 5a ). And the defective splicing of nad2 intron 1 in emp10 abolished the activity of complex I completely (Figure 6a) , and induced high expression levels of alternative oxidases (Figure 7c,d) , leading to the arrested development of embryos and endosperms. In emp16, complex I activity is dramatically decreased but is not completely lost, and NAD9 accumulation is nearly abolished (Xiu et al., 2016) . Similarly, complex I is dramatically decreased in both dek35 (Chen et al., 2016) and dek2 mutants relative to the corresponding WT. However, the loss of Emp10 function resulted in the abolition of complex I activity (Figure 6a ), but slightly increased the activity of NAD9 (Figure 6b ). In bir6, the abortion of nad7 intron 1 splicing leads to the near abolition of complex I, but NAD9 and NAD6 also accumulated at the WT level (Koprivova et al., 2010) . In nmat4, complex I activity is dramatically decreased due to failure of the nad1 intron splicing, but NAD9 exhibits a steady-state level (Cohen et al., 2014) . In emp10, we found that the NAD9 level was altered slightly (Figure 6b ), but the expression of both Cytc1 and Cox2, two indicators of complexes III and IV, were increased. Similarly, complex V activity was increased slightly as well (Figure 6b ). These changes on other complex-related proteins and alternative oxidases in emp10 were consistent with the findings in other complex I mutants, and are likely to be the secondary effect of complex I dysfunction caused by the loss of Emp10 function.
Splicing of maize mitochondrial nad2 intron 1 may involve a coordinated working of multiple factors
The nad2 gene in most of angiosperm species contains four group II introns, of which the second splices in 'trans'. Transcript splicing in higher plant organelles is mechanistically identical to that of the nuclear spliceosomal introns (Hsieh et al., 2015; Schmitz-Linneweber et al., 2015) . Most introns are released as lariats, while certain introns are spliced via first-step hydrolysis and released as a linear form . Proteins which facilitate the splicing of group II introns can be classified as intron maturases (Schmitz-Linneweber et al., 2015) , RNA helicases and RNA-binding proteins (de Longevialle et al., 2010; Brown et al., 2014) . Several nuclear-encoding maturases including nMat1 (Keren et al., 2012) , nMat2 (Keren et al., 2009 ) and nMat4 (Cohen et al., 2014) , have been found to act in mitochondrial RNA processing. To date, there are four identified proteins and one nuclear-encoded maturase that has been shown to function in the removal of nad2 intron 1 in Arabidopsis. A CRM (Chloroplast RNA splicing and ribosome maturation)-containing protein, mCSF1 is found to act as a general splicing factor to be involved in almost all introns splicing including the mitochondrial nad2 intron 1 in Arabidopsis (Zmudjak et al., 2013) . One member of DEAD-box family protein, PMH2 (Putative Mitochondrial Helicase 2), is detectable in a large ribonucleoprotein complex in vivo (Matthes et al., 2007; Kohler et al., 2010) . And 15 mitochondrial introns in Arabidopsis including nad2 intron 1 have the reduced splicing efficiencies in pmh2-1 plants (Kohler et al., 2010) . The broad substrate spectrum indicates that PMH2 may act as an RNA chaperone required for formation or maintenance of complex RNA secondary structures of introns rather than a direct role in splicing (Russell, 2008) . Interestingly, the RAD52-like ODB1 protein has been reported to play a role in homologous recombination-dependent DNA repair (Samach et al., 2011; Janicka et al., 2012) , and is shown to participate in the splicing of nad1 intron 2 and nad2 intron 1 via a hydrolytic pathway (Gualberto et al., 2015) . It has been suggested that ODB1 is not strictly required for splicing but has an accessory role to promote splicing by stabilizing the correctly folded introns structure. Additionally, the pentatricopeptide repeat MTSF1 protein stabilizes the nad4 mRNA and splicing of the first intron of nad2 is moderately affected in mstf1 (Haili et al., 2013) . The MTSF1 protein binds specifically to the last 20 nucleotides of the nad4 mRNA in vitro, but no obvious sequence homology is detected between nad2 intron 1 and nad4, indicating that the effect of the mtsf1 mutants on nad2 splicing is possibly a pleiotropic effect of the loss of complex I in Arabidopsis. nMat1 is also reported to function in the splicing of multiple introns, including nad2 intron 1 (Keren et al., 2012) . As shown above, splicing of nad2 intron 1 requires several kinds of proteins that may coordinate with each other to serve as a general splicing complex. It has been reported that amino acids at specific positions (1st and 6th) in each PPR motif determine the nucleotides bound to ensure a given PPR protein can specifically recognize certain RNA sequences . In the study, we found that EMP10 was specifically required for the splicing of the nad2 intron 1 (Figure 5a ) in maize. Therefore, we infer that splicing of maize mitochondrial nad2 intron 1 is a complex biological procedure coordinated by the function of multiple factors, including EMP10, and orthologous genes of mCSF1, PMH2, ODB1 and nMat1, although the biological function of the latter four remains to be confirmed in maize.
The importance of EMP10 for the development of maize seed
Although function loss of different complex I subunits results in similar molecular effects on components of electron transport chain (ETC), phenotypes for seed development are largely different among different plant species. In Arabidopsis, loss of complex I activity often leads to slow growth and viable smaller seeds (Ichinose et al., 2012; Hsu et al., 2014; Hsieh et al., 2015; Kuhn et al., 2015) , except the otp43 mutant which exhibits strongly delayed development and produces a few malformed seeds that fail to germinate (de Longevialle et al., 2007) . However, in maize, loss of complex I activity frequently leads to severely defective kernels, many of which are embryo lethal (Chen et al., 2016; Qi et al., 2016; Xiu et al., 2016) . In this study, we also found that the abolition of complex I (Figure 6a ) caused by the loss of Emp10 function leads to empty pericarp seeds in which development of both embryo and endosperm were severely repressed (Figure 2) . Two possible interpretations for the phenotypic difference caused by complex I dysfunction in Arabidopsis and maize are:
i Increasing evidence suggests that complex I functions are not essential to ETC. in Arabidopsis due to the existence of alternative NAD(P)H-dehydrogenases that can bypass complex I (Fromm et al., 2016; Ostersetzer-Biran, 2016) , but are essential to ETC. and seed development in maize. For example, abolition of complex I function in all known mutants including emp16 (Xiu et al., 2016) , dek2 and dek35 (Chen et al., 2016) , leads to failure of mitochondrial group II introns splicing, arrested development of embryo and endosperm at early stage, and lethal embryo at maturity. ii There are tremendous difference between maize and Arabidopsis thaliana seeds in the structures and components. After fertilization, Arabidopsis endosperm cells enter directly into endoreduplication after cellularization, while maize endosperm cells undergo numerous additional cell divisions prior to endoreduplication (Olsen, 2004) . Following endoreduplication, Arabidopsis endosperm is largely consumed by the developing embryo, while maize endosperm starts to accumulate starch and storage proteins (Prioul et al., 2008) . Consequently, in mature seeds of Arabidopsis thaliana the embryo is surrounded by a single cell layer of endosperm, while maize endosperm occupies about twothirds of the total seed. The endosperm development of maize seed is a high-energy-requiring process (Offler et al., 2003) and is strongly dependent on hexose input by BETL cells from the maternal tissue, which is also a gateway to sugars, nutrients and water (Thompson et al., 2001; Zheng and Wang, 2010) .
These developmental differences indicate that development of maize seed is strongly dependent on the supply of nutrients through BETL cells, and supply of energy generated in mitochondria. However, in emp10, BETL cells were poorly developed (Figure 2h) , and mitochondria were damaged due to the loss of complex I assembly and activity (Figure 6a ). The extreme deficit of nutrients and energy in emp10 might be one of the important reasons leading to the empty pericarp and lethal seeds (Figure 1a ).
EXPERIMENTAL PROCEDURES
Isolation and propagation of defective-kernel mutants A Mu-mediated line (UFMU-06447) was requested from the UniformMu collection stocks (McCarty et al., 2005) . Fifteen UFMU-06447 seeds were planted, all individuals were selfed. A selfed ear of UFMU-06447 showed the segregation of normal (wild-type) to empty pericarp (emp) kernels in a ratio of 3:1. The gene controlling empty pericarp kernel was designated as empty pericarp10 (emp10) following the reported emp9. The homozygote of emp10 is embryo lethal, therefore, to maintain and propagate the emp10 allele, we crossed emp10/+ to B73, HZ4 and Mo17, respectively. The fine mapping population was also developed using the progenies of B73 9 emp10/+.
Cytological observation
The kernels at 8-DAP, 10-DAP and 12-DAP were harvested from the selfed heterozygotes and were fixed in 4% paraformaldehyde (Sigma, Santa Clara, CA, USA) overnight. The fixed kernels were dehydrated in a graded series of ethanol (30, 50, 70, 85, 95, and 100% ethanol) and were embedded in Paraplast Plus (Sigma), sectioned into 8-lm slices using a Leica RM2265 microtome (Leica Microsystems, Wetzlar, Hesse-Darmstadt, Germany) and then were de-paraffinized as described previously (Liu et al., 2013) . The slides were stained with 0.5% toluidine blue O and were mounted with neutral resins. The finished slides were photographed through a Leica MZFLIII microscope (Leica Microsystems). For the precise comparison of the BETL, the slides of 12-DAP of emp10 and WT were photographed using a differential interference contrast microscope (Nikon ECLIPSE 80i, Tokyo, Japan).
The 10-DAP endosperms from WT and emp10 were fixed, washed, dehydrated, embedded, and then cut into ultrathin sections as previously described (Guti errez-Marcos et al., 2007) . The sections were collected on copper grids after staining with uranyl acetate and lead citrate. The slides were observed and photographed using a Hitachi H-7650 transmission electron microscope (Hitachi, Chiyoda-Ku, Tokyo, Japan) at 80 kV and a Gatan 832 CCD camera (Gatan, Pleasanton, CA, USA).
Gene mapping
To clone emp10, we crossed the heterozygous emp10/+ to B73 to obtain the segregating population. Two DNA pools were first created according to the phenotype of each individual, each pool containing 30 plants. Approximately 1100 pairs of SSR markers were used to identify the causal locus. Mapping data were analyzed using the Mapmarker/exp3.0 software. Furthermore, according to the rough mapping results, additional markers listed in Table S1 were designed to narrow down the region. For fine mapping, 6912 kernels were genotyped using markers developed within the interval mapped roughly. differences between WT and emp10 were compared using CLC Sequence Viewer 7 (https://www.qiagenbioinformatics.com/pro ducts/clc-sequence-viewer/).
RNA extraction and qRT-PCR
Immature embryo and endosperm from three independent kernels were quickly frozen in liquid nitrogen and were ground into a fine powder with a mortar and pestle. The wild-type and emp10 immature kernels were identified by genotyping using a functional marker which was developed on the basis of sequence diversity between wild-type and emp10 alleles. Total RNA was extracted with 1 ml of TRIzol reagent (ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. After isopropanol precipitation, the RNA was resuspended in 40 ll of RNase-free water and was treated with RNase-free DNase I. For reverse transcript reaction, 1 lg total RNA was used in every 20 ll reaction and the first strand of cDNA was synthesized using SuperScriptII (Invitrogen) and hexamer primers according to the manufacturer's instructions. SYBR Green (Bio-Rad, Hercules, CA, USA) was added in the PCR reaction according to the guidelines. Quantitative reverse transcription PCR (QRT-PCR) was carried out on a Bio-Rad CFX96 Touch Real-time PCR detection system using 18S rRNA as an internal control with three independent RNA samples. The primers used for QRT-PCR of mitochondrial introns splicing efficiency are listed in Table S2 . Expression of mitochondrial genes in wild-type and emp10 was analyzed via QRT-PCR using previously described primers (Liu et al., 2013; Xiu et al., 2016) and newly developed primers (Table S3) .
Subcellular localization
The full-length cDNA of Emp10 was amplified using the primer pair, GFP-CF/R (Table S1) , to obtain GFP fusion construct: GFP fused to C-terminal of EMP10 (EMP10-GFP). And the construct was then introduced into vector pM999 by Gateway site-specific recombination. The fused EMP10-GFP construct was placed under the cauliflower mosaic virus 35S promoter for constitutive expression. The maize mesophyll protoplasts were isolated from etiolated leaves by digesting with an enzyme solution (1.5% celluloseR10, 0.3% pectolyaseY23, 20 mM MES, pH5.7, 0.4 M mannitol, 20 mM KCl, 10 mM CaCl2, and 0.1% BSA). Using established protocols (Yoo et al., 2007) , the plasmids containing the EMP10-GFP fusion construct were transfected into the protoplasts. The transfected protoplasts were cultured at room temperature overnight and were used for GFP and Mito-Tracker red signals detection by an Olympus FluoView TM FV1200 confocal microscope (Olympus, Tokyo, Japan).
Mitochondrial complex activity and western blotting assay
Crude mitochondria were isolated from the embryo and endosperm of the maize kernels as described previously (Li et al., 2014) . Kernels without pericarp were ground in the extraction buffer (0.3 M sucrose, 5 mM tetrasodium pyrophosphate (Sigma, Santa Clara, CA, USA), 10 mM KH 2 PO 4 , pH 7.5, 2 mM EDTA, 1% [w/ v] polyvinylpyrrolidone 40, 1% [w/v] BSA, 5 mM cysteine, and 20 mM ascorbic acid) on ice. The homogenate was filtered through two layers of cheesecloth and two layers of Miracloth (Calbiochem Co., La Jolla, CA, USA). Crude mitochondria were obtained through centrifugation at 3000 g for 5 min, and the supernatants were further centrifuged at 20 000 g for 10 min at 4°C. The pellet was resuspended in wash buffer (0.3 M sucrose, 1 mM EGTA, and 10 mM MOPS/KOH, pH 7.2) and was subjected to the same lowspeed (3000 g) and high-speed (20 000 g) centrifugations. Mitochondrial proteins (100-200 lg) were solubilized with dodecyl maltoside b-DM (Sigma, Santa Clara, CA, USA), 1-2% [w/v] final in ACA buffer (750 mM amino caproic acid, 0.5 mM EDTA, and 50 mM Tris-HCl, pH 7.0) and incubated for 30 min at 4°C. The samples were centrifuged for 10 min at 20 000 g. The mitochondrial suspension was used for BN-PAGE using a Native PAGE sample prep kit (Life Technologies, Carlsbad, CA, USA). The in-gel complex I activity assay was performed as described previously (Meyer et al., 2009) . Gel strips loaded with extracts from 150 lg of maize mitochondria were assayed for complex I activity in assay buffer (25 mg of nitrotetrazolium blue (Sigma, Santa Clara, CA, USA) and 100 ll of NADH (Sigma, Santa Clara, CA, USA) (10 mg ml À1 ) added to 10 ml of 5 mM Tris-HCl, pH 7.4. Western blotting was carried out using the antisera of wheat Nad9 (Lamattina et al., 1993) , Arabidopsis Cox2 (Agrisera, http://www.agrisera.com/) and maize ATPase a subunit, Cytc1 and AOX as described previously (Xiu et al., 2016) .
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